Although the three isoforms of Akt regulate cell growth, proliferation and survival in a wide variety of cell types, their role in B cell development is unknown. We assessed B cell maturation in the bone marrow (BM) and periphery in chimeras established with fetal liver progenitors lacking Akt1 and/or Akt2. We found that the generation of marginal zone (MZ) and B1 B cells, two key sources of anti-bacterial antibodies, was highly dependent on the combined expression of Akt1 and Akt2. In 
The Akt family of serine/threonine kinases are expressed in three distinctly coded isoforms termed Akt-1, Akt-2, and Akt-3 6 . All three proteins share similar functions and structures 7 , and are known to enhance cellular metabolism and positively regulate cell survival and proliferation by activating numerous downstream biochemical pathways 8 . Activation of Akt requires phosphatidylinositol-3 kinase (PI-3K), a heterodimeric lipid kinase recruited to the plasma membrane upon ligation of a variety of surface receptors 9 . In B cells, PI-3K and Akt are activated upon ligation of a BCR co-receptor complex consisting of CD19, CD81, and complement receptor-2 (Cr2) or CD21 [10] [11] [12] . Interestingly, mice lacking CD19 or the catalytic subunit of PI-3K fail to develop MZ or B1 B cells [13] [14] [15] , suggesting that the CD19/PI-3K pathway optimizes BCR-mediated peripheral B cell maturation and selection. Consistent with this model, aggregation of the BCR leads to CD19-dependent phosphorylation and activation of Akt 11 . However, the CD19/PI-3K
For personal use only. on June 2, 2017. by guest www.bloodjournal.org From pathway activates several additional signaling pathways with important roles in BCR-mediated B cell activation. Therefore whether the Akt pathway plays an essential role in peripheral B cell maturation and selection remains unclear.
Recent observations show that Akt activity is required for early stages of T cell development in the thymus. Specifically, thymocyte progenitors lacking Akt1 and Akt2 were unable to effectively transit the DN3 to double positive (DP) transition 16, 17 , which is characterized by a robust proliferative burst mediated by the pre-T cell receptor 18 . Because pro-B cells with functional
IgH rearrangements undergo analogous pre-BCR mediated proliferative and differentiative events to generate pre-B cells 1 , Akt signaling may also promote progression through the pro-to pre-B cell transition in the BM. To address these issues we assessed the generation of B-lineage precursors and mature B cell subsets in the BM and periphery of chimeric mice established with varying degrees of deficiency in Akt1 and/or Akt2. Our data illustrate that although Akt1/2-deficient pro-B cells readily generate downstream precursors, mature B cell survival and selection of cells into the MZ and B1 subpopulations is substantially compromised in the absence of Akt1 and Akt2.
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Materials and methods
Mice. Mice deficient in Akt1 or Akt2 were described previously 19, 20 . C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME (Fig. 6A) . In addition, delta-CT values were calculated by subtracting the average Ct for the 18s primer/probe for each population from the respective Akt isoform (Fig. 6B) . For Figure 6C , Akt1 -/-Akt2 -/-B cell populations were sorted as above and Akt3
transcript levels compared to the corresponding population from wild type mice.
Statistical Analysis
All cell percentages and cell numbers were evaluated with unpaired two-tailed t-test using Excel software. Absolute cell numbers were calculated by multiplying the frequency of cells within each B cell subset (see Figures 1 and 2 ) by the total cells harvested from each respective organ. DKO follicular B cells were significantly reduced, likely due to increased cell death (Fig. 4) . These data suggest that, whereas cellular survival in vitro is diminished without Akt1 and Akt2 regardless of culture conditions, optimal BCR-mediated B cell proliferation requires Akt1 and Akt2. Fig. 5A and 5B ). In addition, whereas Akt1/2 DKO and 
was decreased further in MZ B cells and their immediate precursors (MZPs) in the spleen, and in both peritoneal cavity B1 subpopulations. These observations contrast with the expression pattern for Akt2, which did not vary substantially among any of the B-lineage subsets examined (Fig. 6A) and was expressed at lower overall levels compared to Akt1 and Akt3.
Given that past studies have shown that Akt3 is expressed in unfractionated splenic B cells 16 , and pre-B cell development in wild type and Akt1/2 DKO precursors may be highly dependent on Akt3, we sought to further quantify overall expression of each Akt isoform for each B-lineage population relative to 18s RNA. To this end, for each B-lineage population we divided the mean signal (Ct) for each Akt isoform by the mean Ct for 18s RNA, thus yielding a delta-Ct for each Akt isoform within each population. As shown in Figure 6B , whereas Akt1 and Akt3 are expressed at similar levels among BM and peripheral B cell subsets, Akt2 is expressed at substantially lower levels (resulting in a significantly higher delta-Ct) in every population. In contrast, samples from (Fig. 6C) . Thus, while the absence of Akt1 and Akt2 in MZPs appears to result in increased mRNA levels for Akt3, this increase is insufficient to rescue MZ B cell development. Altogether, these data show that while Akt3 mRNA 
Discussion
Unraveling the biochemical processes underlying B cell maturation and selection is essential for understanding both normal and neoplastic differentiation within the B cell lineage. Past work describing discrete B-lineage precursors and functionally unique BCR + subpopulations has provided a framework for understanding immune system defects in the context of normal B cell development, and has raised questions about how newly formed B cells are selected to mature into the follicular, MZ, or B1 compartments. In this study we identify a role for the Akt serine/threonine kinase family in this process.
Given that Akt activity promotes a variety of essential biochemical processes 6 , it was noteworthy that Akt1/2 deficiency affected the development of peripheral B cell subpopulations without resulting in the loss of B-lineage precursors in the BM. Indeed, numbers of pre-B and immature B cells in the BM were slightly elevated when generated from Akt1/2 DKO progenitors ( Fig. 1) . In contrast, the generation of MZ B cells was highly dependent on the Akt pathway, as we were unable to detect even small numbers of these cells after reconstitution with Akt1/2 DKO progenitors (Fig. 2) . Frequencies of B1a B cells were also substantially reduced (Fig. 3) . Therefore expression of Bcl-2 family members, in our view our retroviral system is a highly effective approach for testing whether loss of a specific cell population reflects increased apoptosis, as Bcl-x L prevents apoptosis rather potently when its expression is enforced in B-lineage cells [34] [35] [36] , and in this retroviral system expression of virus-encoded proteins is not subject to lineage and stage-specific regulatory mechanisms. Indeed, while we failed to rescue the Akt1/2-related MZ B cell defect through enforced Bcl-x L expression, this approach led to robust increases in numbers of mature recirculating Akt1/2-deficient B cells in the BM (Supplementary Figure 1) . (Fig. 5) . Previous work has highlighted the importance of constitutive or "tonic" BCR signaling to maintain peripheral B cell numbers. Indeed, induced ablation of surface BCR expression or Ig-α, a key component of the BCR signaling complex, leads to rapid loss mature naïve B cells 37, 38 . Interestingly, although follicular B cells lacking CD19 or Btk fail to thrive when forced to compete against WT cells, progenitors lacking CD19, Btk, or Akt1/2 all generate near normal numbers of follicular B cells without competition from WT B cells [24] [25] [26] . Why is the pro-survival role for CD19, Btk, and Akt1/2 only observed in vivo through such competition experiments? Assuming that activation of Akt1/2 and Btk in vivo is always CD19-dependent, one possibility is that tonic BCR signaling activates both CD19-dependent and CD19-independent pathways that combine to focus on common pro-survival effector mechanisms.
One argument against the notion of BCR-dependent but CD19-independent pro-survival mechanisms in mature B cells comes from a very recent report by Srinivasan et al. showing that enforced expression of a constitutively active form of the catalytic PI-3K subunit P110α promotes peripheral B cell survival after ablation of the BCR 39 . This work illustrates the critical role played by the CD19/PI-3K pathway in peripheral B cell maturation and, while not establishing a role for Akt proteins in peripheral B cell homeostasis directly, is consistent with our data on the role of the Akt pathway in these processes. Notably, Srinivasan et al. also showed that activating the canonical NF-κB pathway is insufficient to rescue mature B cells upon BCR deletion 39 . Therefore, while Aktmediated NF-κB activity may regulate key events within the pre-B cell pool (see below), it may play a less than prominent role in peripheral B cell survival as controlled by the proposed BCR/CD19-PI-3K-Akt pathway. Alternatively, given that the Akt pathway is also activated by BR- expression mediated by the Foxo1 transcription factor 43 . Indeed, heightened Foxo1-driven RAG1/2 expression due to decreased Akt activity may explain the observed increase in frequencies in pre-B cells generated from Akt1/2 DKO progenitors (Fig. 1) . Likewise, Akt1/2 deficiency may deregulate the expression of certain transcription factors required for the MZ B cell fate. Clearly, additional studies will be required to better understand the role of each Akt isoform in B cell development and selection. For personal use only. on June 2, 2017. by guest www.bloodjournal.org From
